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Summary
Objective: To investigate the synergistic effect of chondroitin sulfate (CS) and cyclic pressure on the biochemical and morphological properties
of chondrocytes isolated from articular cartilage and cultured in alginate matrix.
Methods: The chondrocytes obtained from articular cartilage of goat femoropatellar joint were isolated and cultured in alginate matrix. The
cells were exposed to CS (100 mg/ml) along with cyclic pressure of 1.2 MPa and 2.4 MPa and biochemical analysis of DNA, proteoglycan,
collagen and protease activity was carried out in different matrix fractions, i.e., cellular matrix (CM) and further removed matrix (FRM) and
in culture medium. The morphological studies of chondrocytes were carried out using transmission electron microscopy (TEM).
Results: The treatment of chondrocytes with CS along with cyclic pressure increased the rate of cell proliferation relative to control (without
load and in the absence of CS) and CS alone (P< 0.001). The proteoglycan content in CM increased in the presence of CS alone (P< 0.05)
as well as CS with cyclic pressure (P< 0.001). The speciﬁc activity of protease in CM and FRM decreased in the presence of CS with cyclic
pressure relative to control (P< 0.001). The TEM images showed abundant CM, improved cell morphology and matrix organization in the
presence of CS and cyclic load treatment.
Conclusions: The results of this study suggested that in the presence of CS along with cyclic loading, the cellular ability to utilize and incor-
porate exogenous CS as extracellular matrix improved, as compared to CS alone.
ª 2008 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Chondroitin sulfate (CS) is the most abundant glycosamino-
glycan (GAG) found in articular cartilage. It is part of the pro-
teoglycan molecule, which together with collagen and
noncollagenous glycoproteins is responsible for giving car-
tilage its resiliency and enables it to withstand wide range of
compressive loadings under physiological conditions1,2. Ag-
grecan, the major type of proteoglycan in articular cartilage,
consists of a protein core to which many molecules of CS
are attached. Studies have suggested that onset and pro-
gression of osteoarthritis are accompanied by changes in
the structure of aggrecans in particular to CS and its sulfa-
tion pattern3,4. Interestingly, exogenously added CS in cul-
ture medium has shown to increase the proteoglycan
synthesis rate in bovine chondrocytes5, thus suggesting
that CS has a regulatory role in maintaining the health of ar-
ticular cartilage. It is being used as a ‘symptom modifying
drug’ for osteoarthritis and a popular nutraceutical for
cartilage protection6. Apparently, CS acts by increasing*Address correspondence and reprint requests to: Dr Prashant
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1387synthesis of proteoglycans and hyaluronic acid in articular
cartilage7. It also has anti-inﬂammatory action by inhibiting
leukocyte elastase activity8,9 and inhibits cartilage collagen
breakdown10. The sulfate moiety of the molecule stabilizes
the aggrecan by contributing in more robust incorporation
of sulfur11. Clinical studies have suggested efﬁcacy of CS
for pain relieving in knee osteoarthritis and allied condi-
tions7,12e14. The oral administration of CS15 and its addition
in in vitro chondrocyte culture have shown cartilage preserv-
ing properties16. A combination of CS and cyclic pressure
has been shown to play a protective role on human articular
chondrocytes against the cartilage damaging stimulus inter-
leukin-1b17. In addition to the role of CS, cyclic pressure has
also been shown to affect the cartilage metabolism by in-
creasing the rate of proteoglycan and collagen synthesis re-
sulting in a beneﬁcial effect on health of cartilage18e21. We
have earlier observed the effects of cyclic and static pres-
sure on chondrocytes from goat articular cartilage in alginate
matrix and found that cyclic pressure resulted in increased
content of GAG and improved cellematrix interactions in
load dependent manner22. However, a combined protective
role of CS and cyclic pressure on cartilage metabolism has
not been studied so far. In view of this, in the present study
the synergistic effect of exogenous CS and cyclic pressure
has been investigated on biochemical and morphometrical
properties of chondrocytes in alginate matrix.
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Healthy femoropatellar joints of young goat (2e3 months) removed within
3e4 h of slaughter were used as source of cartilage slices. Hyaluronidase,
papain, type II bacterial collagenase, fetal bovine serum (FBS), alginate, ﬂuo-
rescent diacetate, propidium iodide, cycloheximide and CS (extracted from
bovine achilles tendon) were obtained from Sigma (St. Louis, USA).
Streptomycin, calf thymus DNA, hydroxyproline, tyrosine and other chemi-
cals of analytical grade were obtained from SRL (Mumbai, India).ISOLATION OF CHONDROCYTES FROM ARTICULAR
CARTILAGE AND ENCAPSULATION IN ALGINATEFinely chopped articular cartilage pieces removed aseptically from goat
femoropatellar joint were subjected to sequential enzymatic digestion with
hyaluronidase, papain and type II bacterial collagenase and viable chondro-
cytes were encapsulated and maintained in alginate beads as described
earlier22,23. The alginate beads carrying chondrocytes were ﬁnally kept in
Dulbecco’s Modiﬁed Eagle’s medium (DMEM) (with 10% (FBS) and
100 mg/ml streptomycin) at 37C in humidiﬁed atmosphere of 5% CO2 with
change in medium every second day. The viability of chondrocytes in algi-
nate beads was monitored by paravital staining using ﬂuorescein diacetate
and propidium iodide24. The role of protein synthesis was studied by preincu-
bating cells at day 3 with 10 mg/ml cycloheximide (Sigma, St. Louis, USA),
a protein synthesis inhibitor, prior to mechanical load/CS treatment and com-
pared with cells subjected to mechanical pressure/CS without cycloheximide
treatment. This concentration of cycloheximide has been used in earlier
study on rabbit articular chondrocytes for inhibition of protein synthesis25.EFFECT OF CS AND PRESSURE TREATMENT
ON CHONDROCYTESEffect of CS (100 mg/ml DMEM) was studied in the presence and absence
of cyclic pressurization on chondrocytes, cultured in alginate matrix at day 3.
The alginate beads carrying chondrocytes were divided into following exper-
imental groups (10 beads in each group) (N¼ 7 independent experiments
per group): group (i) control (without load and without CS supplementation),
group (ii) CS 100 mg/ml without cyclic load, group (iii) CS 100 mg/mlþ cyclic
load 1.2 MPa, and group (iv) CS 100 mg/mlþ cyclic load 2.4 MPa. Along with
group (iii) and (iv) their respective pressure controls were also studied in
which chondrocytes were given cyclic pressure of 1.2 MPa and 2.4 MPa, re-
spectively, without addition of CS in culture medium. The experimental group
(iii) and (iv) were exposed to hydrostatic cyclic pressure of 1.2 MPa and
2.4 MPa, respectively, for 4 h immediately after addition of CS whereas
group (i) and (ii) were left at 37C without any pressure treatment for similar
period. The pressure range chosen in the study equals to 5e10 times of
average standing pressure on each femoropatellar joint of animal during
physiological conditions as described earlier22.MECHANICAL STIMULATION OF CHONDROCYTES VIA ‘CYCLIC
HYDROSTATIC PRESSURE MACHINE’The pressure system employed in this study was a custom made machine
based on the cam/follower mechanics and controlled by a stepper motor as
described earlier22. The sample holding unit of the machine was ﬁlled with
5 ml of culture medium containing 10 alginate beads and on top of it, 2 ml of
non-reactive, non-miscible, high density liquid parafﬁn oil layer was put. The
hydrostatic pressure was generated by compression of the aqueous column
above the surface of the medium by movement of axial piston attached to
cam/follower assembly. The cyclic pressure was given at a frequency of
0.66 Hz and experiment was conducted for 4 h. Controls were prepared
in similar manner from the same batch of cells and maintained without
load and without CS supplementation. At the end of each experiment, the
beads were washed three times with phosphate buffer saline pH 7.4. After
each wash the washing was analyzed for the presence of CS content by
alcian blue analysis and we found no blue color complex of CS which ab-
sorbs at 620 nm. The culture medium was stored at 70C and beads were
prepared for biochemical and morphological studies. Eight alginate beads
from each experiment were used for biochemical analysis while two beads
were used for transmission electron microscopy (TEM).PREPARATION OF ALGINATE BEADS FOR BIOCHEMICAL
ANALYSISThe extracellular matrix synthesized by chondrocytes in cellular matrix
(CM) and further removed matrix (FRM) fractions was separated by dissolv-
ing alginate beads in chelating buffer containing sodium ethylene diamine
tetraacetic acid (EDTA) at pH 6.8. Ten alginate beads were dissolved by
adding 500 ml of chelating buffer at 4C for 20 min. The resulting suspension
was centrifuged at 4000 rpm for 10 min at 4C to separate the CM in pellet
from FRM in supernatant. The cell pellet was washed twice with phosphate
buffer saline (PBS) 7.4 for removal of any residual chelating buffer. The CM,FRM and medium samples from all groups were solubilized in papain-buffer
(0.1 mg/ml papain in cysteine buffer pH 5.53) for 16e18 h at 55C. The sam-
ples were boiled for deactivating the enzyme and stored at 20C till further
analysis26.BIOCHEMICAL ANALYSIS OF MATRIXEstimation of DNA
The DNA content of chondrocytes was measured by indole assay using
calf thymus DNA as standard27.
Estimation of GAG
The proteoglycan content in CM, FRM and medium fractions was mea-
sured by alcian blue dye binding method28. As alginate gives minor positive
binding with alcian blue, we have added 0.03% alginate in each sample in-
cluding control prior to addition of dye as described by Chiba et al.26. CS was
used as standard and data is expressed as mg GAG/mg DNA.
Estimation of collagen
The collagen content in CM and FRM fractions was measured by assay of
free hydroxyproline, released by acid hydrolysis using 6 N HCl for 20 h at
110C. It was measured by colorimetric assay using p-diaminobenzaldehyde
after oxidizing with chloramine-T using hydroxyproline as standard29. Colla-
gen content was determined by multiplying hydroxyproline content with 10.
The data is expressed as mg collagen/mg DNA.
Protease assay
The protease activity in CM, FRM and medium was assayed by hydrolyz-
ing casein in borate buffer pH 8.030. FolineCiocalteau reagent was used for
measuring tyrosine released at 45C for 30 min in ﬁltrate after using trichloro-
acetic acid precipitation. Total protein content in undigested fraction was
measured by Lowry’s assay31. The speciﬁc activity of protease was ex-
pressed as tyrosine released/mg protein. One unit of protease activity is de-
ﬁned as the amount of enzyme required to liberate 1 mmol of tyrosine in
30 min at 45C.TEM OF CHONDROCYTES IN ALGINATE SECTIONSTwo alginate beads from each experiment were prepared for TEM analy-
sis by ﬁxing in Karnovsky ﬁxative (2% paraformaldehyde and 2.5% glutaral-
dehyde) at 4C for 12e14 h. The beads were inﬁltrated and embedding was
done using London resin white as described earlier22. Ultra thin sections of
alginate beads were stained with uranyl acetate and lead citrate and photo-
graphed with a Morgagni 268 D TEM at Department of Anatomy, All India
Institute of Medical Sciences Delhi, India.STATISTICAL ANALYSISMean SD of seven experiments was calculated for each group along
with P values calculated by Student’s paired t-test. Statistical signiﬁcance be-
tween various groups in matrix fractions (CM, FRM and medium) for different
biochemical parameters was studied using one-way analysis of variance
(ANOVA). Data was considered signiﬁcant at P< 0.05.Results
In our earlier study we have shown that goat knee
joint articular cartilage chondrocytes differentiated well
and appropriately organize their extracellular matrix in
alginate beads in CM and FRM and synthesize proteo-
glycan and collagen molecules22. The cells were studied
under the combined effect of CS and cyclic pressure
and their morphological and biochemical properties
were analyzed.EFFECT OF CS TREATMENT AND CYCLIC STIMULATION
ON DNA CONTENTThe DNA content of chondrocytes and respective cell
density in presence of CS alone and with cyclic pressure
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Fig. 1. Effect of CS treatment and cyclic stimulations on DNA con-
tent and cell number of chondrocytes, (a) control cells (without cy-
clic pressure and no CS), (b) CS 100 mg/ml, (c) cyclic pressure
1.2 MPa, (d) CS 100 mg/mlþ cyclic pressure 1.2 MPa, (e) cyclic
pressure 2.4 MPa, and (f) CS 100 mg/ml þ cyclic pressure
2.4 MPa (data expressed as meanSD of seven independent
experiments, **P< 0.01, ***P< 0.001 in comparison to control).
1389Osteoarthritis and Cartilage Vol. 16, No. 11of 1.2 MPa and 2.4 MPa are shown in Fig. 1 along with
control groups (without load and CS). The DNA content in-
creased signiﬁcantly in all groups where chondrocytes
were treated with either pressure alone or CS alone or
CS along with different cyclic pressure, as compared to
control. The increase in DNA content was w22% when
CS alone was added and CS with cyclic pressure of
1.2 MPa did not result in further change in it. However
when pressure was increased to 2.4 MPa, the DNA0
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Fig. 2. Effect of CS treatment and cyclic stimulations on GAG content of
has been shown in inset). (a) Control cells (without cyclic pressure and no
mlþ cyclic pressure 1.2 MPa, (e) cyclic pressure 2.4 MPa, and (f) CS 100
seven independent experiments, ***P< 0.001, **P< 0.01, *P< 0.05, NS:
of GAG content in culture medium under simicontent was increased substantially (w40% of the control
value) (P< 0.001). A mild increase in DNA content was
observed in chondrocytes treated with pressure alone
which is equivalent to 11.7% and 13.5%, respectively, at
1.2 MPa and 2.4 MPa cyclic loadings (P< 0.05) as com-
pared to control.EFFECT OF CS TREATMENT AND CYCLIC STIMULATION
ON GAG CONTENTThe GAG content of chondrocytes treated with CS in CM
fraction of matrix increased by 13% (P< 0.05), but de-
creased in FRM by 18% (P< 0.01) relative to control
(Fig. 2). GAG content in cells treated with cyclic load only
(without CS supplementation) increased in CM by 16%
(P< 0.05) and 28% (P< 0.001), respectively, when load in-
creased from 1.2 MPa to 2.4 MPa. Also in FRM the GAG
content increased similarly under both the loadings
(w16%, P< 0.001). In presence of cyclic loadings
1.2 MPa and 2.4 MPa along with CS treatment, the GAG
content of cells increased signiﬁcantly in CM in load depen-
dent manner (49% and 61%, respectively, to control,
P< 0.001) in contrast to FRM where no signiﬁcant change
in GAG content occurred (relative to control) under these
conditions. When the effect of only cyclic load on GAG con-
tent was compared to cyclic load with CS supplementation, it
was found that in presence of CS, the GAG content in-
creased in CM by 25% and 22%, respectively, with cyclic
load 1.2 MPa and 2.4 MPa. Also compared to cells treated
with CS alone, the GAG content in presence of cyclic loading
increased in CM by 32% and 43%, respectively, at 1.2 MPa
and 2.4 MPa load. In FRM, the GAG content of chondro-
cytes increased when treated with CS and cyclic pressure
both by 16% and 34%, respectively, at 1.2 MPa andf
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chondrocytes in CM and FRM (the GAG content of culture medium
CS), (b) CS 100 mg/ml, (c) cyclic pressure 1.2 MPa, (d) CS 100 mg/
mg/mlþ cyclic pressure 2.4 MPa (data expressed as meanSD of
not signiﬁcant, in comparison to control). Inset shows absolute value
lar groups and similar set of conditions.
1390 G. Sharma et al.: Synergistic effect of CS and cyclic pressure on articular cartilage2.4 MPa loadings (as compared to CS alone). The results
showed that cyclic pressure and CS individually increased
the GAG content in CM but when given in combination
a more drastic increase was occurred. The GAG content
obtained in CM and FRM in each case is the net result after
interconversion of GAG from CM to FRM or vice versa.
The GAG content in the culture medium (shown as mg/ml
in the panel, Fig. 2) is represented by the sum of exoge-
nously added CS and proteoglycan released by chondro-
cytes during the course of culture, though the latter one
contributes in a very insigniﬁcant proportion in the collective
value. The GAG content of culture medium decreased sig-
niﬁcantly (24%) when treated with cyclic load 2.4 MPa alone
as compared to control. In the presence of cyclic loadings of
1.2 MPa and 2.4 MPa with CS the GAG content of medium
decreased signiﬁcantly as compared to CS alone (32% and
44%, P< 0.001).EFFECT OF CS TREATMENT AND CYCLIC STIMULATION
ON COLLAGEN CONTENTThe collagen content in CM fraction of matrix decreased
signiﬁcantly in cells treated with CS (29%, P< 0.05) as
well as in CS with cyclic load 1.2 MPa and 2.4 MPa (34%
and 46%, respectively, P< 0.001) with respect to control
(Fig. 3). In case of cyclic pressure only, the collagen content
in CM fraction decreased by 34% and 45% (P< 0.01) to con-
trol value at 1.2 MPa and 2.4 MPa, respectively. In FRM no
signiﬁcant change was found in collagen content by CS
treatment alone but when subjected to cyclic pressure in
presence of CS, collagen increased by 21% (P< 0.05) and
54% (P< 0.001), respectively, at 1.2 MPa and 2.4 MPa
load. Similarly when treated with cyclic pressure 1.2 MPa
and 2.4 MPa the collagen content in FRM increased
signiﬁcantly (P< 0.01) by 54% and 46%, respectively.
The data clearly shows that in groups treated with cyclic
loading or CS or and CSþ cyclic loadings both, only redistri-
bution of already synthesized collagen molecules between
CM and FRM takes place and no signiﬁcant change in net
collagen content was found with respect to control. Also,
no signiﬁcant change in the collagen content was found in0
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Fig. 3. Effect of CS treatment and cyclic stimulations on collagen
content of chondrocytes in CM, FRM and medium, (a) control cells
(without cyclic pressure and no CS), (b) CS 100 mg/ml, (c) cyclic
pressure 1.2 MPa, (d) CS 100 mg/mlþ cyclic pressure 1.2 MPa,
(e) cyclic pressure 2.4 MPa, and (f) CS 100 mg/mlþ cyclic pressure
2.4 MPa (data expressed as meanSD of seven independent ex-
periments, ***P< 0.001, **P< 0.01, *P< 0.05, NS: not signiﬁcant,
in comparison to control).the chondrocytes treated with and without cycloheximide
10 mg/ml in any of the matrix fraction (data not shown).EFFECT OF CS TREATMENT AND CYCLIC STIMULATION
ON PROTEASE SPECIFIC ACTIVITYIn our earlier study we have described that chondrocytes
released a metalloprotease in CM and FRM fractions which
required Mn2þ for its activity and inhibited by EDTA22. In the
present study, the chondrocytes treated with CS showed
a signiﬁcant decrease in the activity of metalloprotease in
CM and FRM by 31% (P< 0.001) as compared to control
(Fig. 4). The speciﬁc activity of the metalloprotease under
cyclic load conditions decreased in CM at 1.2 MPa and
2.4 MPa by 27% and 38%, respectively (P< 0.001). How-
ever in FRM it increased by 32% and 51% under similar
conditions (P< 0.001). Application of cyclic loading along
with CS treatment further decreased the protease speciﬁc
activity relative to control in CM by 42% and 39%
(P< 0.001), respectively, at 1.2 MPa and 2.4 MPa. In
FRM the speciﬁc activity of protease decreased by 28%
and 21% in chondrocytes treated with CS and cyclic loading
1.2 MPa and 2.4 MPa, respectively (P< 0.001). The total
protein content of chondrocytes in presence of CS alone
and CS along with cyclic pressure 1.2 MPa and 2.4 MPa
does not show any signiﬁcant change in any of the group
as compared to control. Also no signiﬁcant change was
found in the total protein content of the cells treated with
and without cycloheximide in any of the group, i.e., control,
CS only and CSþ 1.2 MPa and CSþ 2.4 MPa pressure
(data not shown). In case of pressure only (1.2 MPa and
2.4 MPa) the total protein content increased signiﬁcantly
in CM and decreased in FRM (P< 0.01) in load dependent
manner which is due to the decrease in protease speciﬁc
activity in CM and increase in FRM under these conditions.EFFECT OF CS TREATMENT AND CYCLIC STIMULATION
ON MORPHOMETRIC PROPERTIES OF CHONDROCYTESTEM images of alginate embedded chondrocytes showed
uniform distribution and round to elliptical morphology in
control and under CS treatment [Fig. 5(a)e(d)]. The control
group of cells at day 3 at higher magniﬁcation showed
spherical shape without pericellular matrix [Fig. 5(a)]. In
the control group out of 37 cells counted, almost 95% of
them showed spherical morphology with very less or no
pericellular matrix, however, rest 5% showed presence of
elliptical shape and some pericellular matrix [Fig. 5(a) inset].
The chondrocytes treated with CS showed round morphol-
ogy and accumulation of granular matrix in the intracellular
space in almost all of the cells [Fig. 5(b) inset]. However,
one or two cells in this group also showed elliptical shape
and basket/cage like organization of extracellular matrix
around the cells loosely attached to it [Fig. 5(b)]. This
cage like structure shows delineation between CM and
FRM matrix fractions due to accumulation of electron dense
material around cells. However in control group no similar
type of matrix organization was found. The cyclic pressuri-
zation of chondrocytes in presence of CS caused alteration
in morphology of some of the cell from spherical to ellipsoi-
dal in load dependent manner as compared to control. TEM
images of chondrocytes at CSþ 1.2 MPa load showed
nearly 25 cells out of which 36% population have elliptical
shape and most of the cells exhibited presence of pericellu-
lar matrix and FRM around them [Fig. 5(c) inset]. The chon-
drocytes at higher magniﬁcation in this condition also
showed increased pericellular matrix around cells and
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Fig. 4. Effect of CS treatment and cyclic stimulations on protease speciﬁc activity (units tyrosine/mg protein) of chondrocytes in CM and FRM.
(a) Control cells (without cyclic pressure and no CS), (b) CS 100 mg/ml, (c) cyclic pressure 1.2 MPa, (d) CS 100 mg/mlþ cyclic pressure
1.2 MPa, (e) cyclic pressure 2.4 MPa, and (f) CS 100 mg/mlþ cyclic pressure 2.4 MPa (data expressed as meanSD of seven independent
experiments ***P< 0.001, **P< 0.01, in comparison to control). Inset shows absolute value of protease activity under similar groups and
similar set of conditions.
1391Osteoarthritis and Cartilage Vol. 16, No. 11presence of some matrix bodies which occupy the whole in-
tracellular space [Fig. 5(c)]. When load magnitude was in-
creased to 2.4 MPa, the population of round and elliptical
cell became almost equal and w71% cells contain thick
pericellular matrix around them [Fig. 5(d) inset]. The chon-
drocyte at higher magniﬁcation showed abundant pericellu-
lar matrix and lots of cellematrix attachment sites which
perforated around cells like cellular processes. The demar-
cation between CM and FRM was not visible at this load
probably due to increased pericellular matrix [Fig. 5(d)].Discussion
In this study, we focused on the inﬂuence of two impor-
tant cartilage modulators, cyclic load and CS, on chondro-
cyte metabolism and morphological properties in alginate
matrix. As demonstrated earlier by others and in our previ-
ous study, the articular chondrocytes grown in alginate gel
synthesize and maintain extracellular matrix components
and respond to mechanical loading in ways similar to that
for chondrocytes in vivo20,22,23,32,33. The advantage of using
alginate is the reversibility of the gel allowing the study of
extracellular matrix in two well deﬁned fractions, i.e., CM
and FRM similar to the hyaline cartilage organization
in vivo.
The machine used for generating cyclic pressure in this
study is based on hydrostatic compression and provides
conditions similar to in vivo joint loading as described
earlier22. Hydrostatic pressure is one of the most relevant
physical force acting in articular cartilage34. The design of
the machine ensured complete evacuation of air from the
assembly thus the pressure generated on chondrocytes is
purely hydrostatic. The cyclic pressure applied in the pres-
ent study (1.2 MPa and 2.4 MPa) is equivalent to 5e10times of the average pressure on goat knee joint articular
cartilage.
The results of the present study have shown that chon-
drocytes treated with cyclic pressure in presence of exoge-
nously added CS, proliferate well as compared to CS alone
and cyclic pressure alone. It indicates that there is a com-
bined effect of these factors which might have facilitated
both the nutrients diffusion and oxygen accession to cells
in alginate matrix. It has been earlier shown that in presence
of CS, the rate of chondrocytes proliferation increased
signiﬁcantly35. The presence of hydrostatic pressure and
CS both might have a combined and enhanced effect on
cell proliferation. An earlier study has shown that during
the short term hydrostatic pressure experiments when the
air was excluded from the system, the culture still has a lim-
ited quantity of dissolved oxygen available for chondrocytes
metabolism which may be disturbed during the long term
experiments36. Thus during short term experiments, the hy-
drostatic pressure may allow rapid, reproducible transduc-
tion of the pressure from the culture medium to the cells
along with increasing oxygen accession. The effect of CS
on rate of chondrocytes proliferation in presence of cyclic
loading has been reported for the ﬁrst time in this study.
The GAG content analysis shows that in presence of CS
alone (without cyclic pressure application) the GAG content
of the culture medium is highest as most of the exogenously
added CS in culture medium remained as such and no in-
corporation occurred in CM and FRM. In presence of cyclic
loadings there was a mild increase observed in GAG con-
tent in CM in load dependent manner but no change in
FRM was found. However in the presence of CS with cyclic
loading, a drastic increase was observed in GAG of CM in
load dependent manner, whereas the level of CS in culture
medium depleted as compared to CS alone. Although the
net GAG content (converted into mg/mg DNA), i.e.,
Fig. 5. TEM images of goat articular cartilage chondrocytes in alginate bead at day 3 in DMEM containing 10% FBS. (a) Control cell, without
cyclic pressure and without CS supplementation (inset at 4400 showing round cells without pericellular matrix), (b) cells treated with CS,
round cells, increased granular matrix, cage like matrix organization showing delineation between CM and FRM (inset at 4400 shows round
and elliptical cells), (c) cells treated with CS and cyclic pressure 1.2 MPa, showing elliptical shape, intracellular bodies, discontinuous cell
membrane (inset at 4400 shows mixed population of elliptical and round cells, rich pericellular matrix content), (d) cells treated with CS
and cyclic pressure 2.4 MPa, showing more elliptical morphology, abundant pericellular matrix, rich cellematrix sites (inset at 1100 shows
chondrocytes with high pericellular matrix and elliptical shape). (aed) at 11,000, bar¼ 2 mm.
1392 G. Sharma et al.: Synergistic effect of CS and cyclic pressure on articular cartilageCMþ FRMþmedium of all CS treated groups remains
almost constant and no change in overall synthesis was
found. The GAG content of these groups is higher to control
group marginally as CS was added exogenously in culture
medium. These ﬁndings clearly indicate that in presence
of cyclic hydrostatic pressure the exogenously added CS
in culture medium is being utilized efﬁciently by chondro-
cytes and incorporated in cellular constructs in CM. The
successive washings of alginate beads with PBS pH 7.4
have been effective in removing the CS attached on the sur-
face of the beads during the incubation, thus the GAG con-
tent measured in CM is directly incorporated by articular
chondrocytes from culture medium. An earlier study has
shown that Chinese hamster cell lines at day 2 of culture
can directly incorporate the CS from culture medium after
2 h of incubation and visualized its presence on cell sur-
faces and cytoplasm by autoradiography37. This ﬁnding
clearly supports our study where CS is being taken up by
chondrocytes at day 3 of culture when incubated for 4 h
by similar mechanism and its presence was quantiﬁed by
biochemical assay in CM fraction which consists of cell
and pericellular matrix.
There was no signiﬁcant change in the proteoglycan con-
tent in FRM in all the cases which may be due to sluggish
metabolic behavior of matrix molecules in this fraction.
The matrix metabolism of human articular chondrocytes in
alginate culture has shown that half life of aggrecan mole-
cules in FRM is higher (t1/2> 100 days) in comparison to
CM and associated matrix (t1/2> 29 days)
38. It shows thatthe FRM fraction is metabolically less active as compared
to CM fraction of alginate matrix.
The collagen content analysis shows that in CM and FRM
the pattern of collagen content accumulation is regulated
oppositely in cells treated with CS alone, cyclic pressure
alone and CS in presence of cyclic loadings. This suggests
that presence of CS and cyclic pressure both, modulate the
collagen molecules to release from CM to FRM without
causing signiﬁcant change in their net level, thus forming
a loosely bound extracellular matrix around cells which is
rich in collagen ﬁbrils. In cells treated with CS alone (without
cyclic load) a signiﬁcant increase in level of collagen was
detected in the culture medium, which may be due to the
collagen released from CM fraction. The mechanism that
triggers the release of collagen content from CM to FRM
or medium is not clear, however, the collagen crosslinking
might have a role to play in this process. It shows that in-
deed some collagen is lost into the culture medium during
this redistribution. The collagen content of culture medium
is very small as compared to CM and FRM and it is possible
that there is some collagen present in culture medium which
is not detected by hydroxy proline assay.
The results showed that in presence of CS and cyclic
pressure, a redistribution of collagen and GAG molecules
occurred between matrix fractions. This is apparent as
the protein synthesis was blocked using cycloheximide
once cells were subjected to CS/pressure treatment. The
change in the GAG or collagen content in individual matrix
fraction appears to be the net result of their exchange
1393Osteoarthritis and Cartilage Vol. 16, No. 11between each other and not due to increased or decreased
synthesis of these macromolecules. This exchange of
collagen molecules between CM to FRM or medium is
the main reason of their decrease or increase in a
particular matrix fraction in case of CS and pressure
treatment.
In our earlier study we have described that chondro-
cytes released a metalloprotease in CM and FRM frac-
tions which required Mn2þ for its activity and acts on
the proteoglycan moiety of extracellular matrix and not
on the collagen22. This might be due to the fact that col-
lagen superhelix is a very stable molecule and therefore
it is not easily accessible for proteolytic cleavage. Our
study has shown that speciﬁc activity of this metallopro-
tease decreased under effect of CS and cyclic loading.
However, we did not ﬁnd any signiﬁcant change in the
total protein content of chondrocytes in any of CS
treated group as compared to control group. It suggests
that the treatment of chondrocytes with cyclic pressure
and CS decreased the protease speciﬁc activity which
is indeed a result of decreased protease level and not
due to increased total protein content. In pressure alone
group the net change in speciﬁc activity of protease in
CM and FRM is due to change in the total protein con-
tent of that particular fraction in presence of cyclic
loading.
The morphological studies of chondrocytes using TEM
showed there is a substantial proportion of chondrocyte
population which changes its morphology from spherical
to elliptical under cyclic pressurization and CS treatment.
In some earlier studies also it has found that pressure is
an important modulator of shape of chondrocytes22,39,40. Al-
ginate is a natural polymer for encapsulating cells by forcing
a round morphology and thus prevents any change in cell
shape. The application of low to high magnitude of hydro-
static pressure has been found to inﬂuence the cell shape
and organization of cytoskeletal components in various
studies41,42. The cytoskeleton of cells plays an important
role in maintaining their shape and morphology43,44. The
change in cell shape and accumulation of pericellular matrix
around the cells was found to be interrelated phenomenon.
The present study indicates the involvement of process of
cytoskeleton organization in phenotypic expression of cells
which in turn regulate the expression of biomolecules. In
presence of CS and CS with cyclic pressure, some of the
chondrocytes also showed a well deﬁned matrix organiza-
tion in TEM where a delineation of CM from FRM is possible
which is not evident in control group. The TEM data clearly
showed that cyclic pressurization of cells along with exoge-
nous CS treatment improved extracellular matrix accumula-
tion, cellematrix interactions and cytoplasmic content as
compared to control.
The cyclic pressurization of cells under CS treatment
further enhanced the cartilage protecting effect of this
molecule. The simultaneous use of pressure with CS in
fact ensured a signiﬁcant increase in proteoglycan and
collagen matrix around cells, as if a synergistic action ex-
ists between this symptomatic drug and mechanical fac-
tors. The biochemical data of this study correlates well
with morphological studies by TEM. The alginate
model is useful for studying the overall response of
a combination of physical and biochemical parameters
on chondrocytes in environment that mimics the in vivo
conditions. The study points that biochemical and biome-
chanical factors can act synergistically to provide an
enhanced overall effect on cartilage extracellular matrix
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